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Abstract Studies of element abundances in stars are of fundamental interest for their 
impact in a wide astrophysical context, from our understanding of galactic chemistry 
and its evolution, to their effect on models of stellar interiors, to the influence of 
the composition of material in young stellar environments on the planet formation 
process. We review recent results of studies of abundance properties of X-ray emitting 
plasmas in stars, ranging from the corona of the Sun and other solar-like stars, to pre- 
main sequence low-mass stars, and to early-type stars. We discuss the status of our 
understanding of abundance patterns in stellar X-ray plasmas, and recent advances 
made possible by accurate diagnostics now accessible thanks to the high resolution 
X-ray spectroscopy with Chandra and XMM-Newton. 
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1 Introduction 

The determination of the chemical composition of plasmas is of fundamental impor- 
tance in very different areas of astrophysics. The element abundances in stellar at- 
mospheres have significant impact on the enrichment of the interstellar medium, the 
evolution of stellar galactic populations, star formation processes, and the structure of 
stellar interiors. 

The solar chemical composition provides the standard refer ence for the elementa l 
abundances studies of other astronomical objects (see review bv lAsplund et al.ll2009l ') . 
However, the composition of solar plasmas is not uniform, and in the outer atmosphere 
is not constant. Evidence for abundance anomalies in the solar corona with respect to 
the solar photospheric composition arose from early spectroscopic studies of the solar 
upper atmosphere. Indeed, the solar corona possesses a chemical composition that is 
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similar to that of the solar wind and sol ar enerRetic particles, and a t variance with the 
underlying photosphere (see reviews by iMeveill 19851 : iFeldmanHliQi l . These abundance 
anomalies, which will be briefly reviewed in ij2.1l reflect the effect of still unknown 
physical mechanisms of chemical fractionation in the process of mass transport into 
the corona. 

X-ray spectra of other stars provide us with a means to investigate whether, simi- 
larly to the Sun, the chemical composition of the stellar outer atmospheres is different 
from their underlying photospheric mixture. Furthermore, stellar studies allow us to 
study the fractionation processes as a function of a wide range of stellar parameters, not 
accessible from solar studies alone. In this paper, we review the current understanding 
of the chemical composition of the X-ray emitting plasma in stars, as derived from 
stellar observations in the EUV and X-ray bands during the past two decades, focusing 
on recent results from high-resolution X-ray spectroscopy. X-ray observations at high 
spectral resolution now available with Chandra and XMM-Newton allow us to bet- 
ter disentangle the temperature and abundance effects on the stellar X-ray emission, 
and represent a significant advance in building a robust scenario for the abundance 
properties of stellar outer atmospheres. 

In !j2]we present a review of abundances studies for the solar corona f i)2.1|) and the 
coronae of other stars ( i|2.2[) . A short discussion of some theoretical studies attempt- 
ing the modeling of these observed features is included in H2.3I In an overview of 
abundance studies in X-ray spectra of early-type stars is presented, and finally in i|4] 
we review studies of abundances in pre-main sequence low-mass stars and the possible 
insights they offer into the physical processes producing X-rays in these young stars. 



2 Abundance Patterns and Anomalies in Stellar Coronae 

2.1 Solar Abundances 

Spectroscopic studies of the solar corona indicate that its hot plasma is subject to chem- 
ical fractionation processes in which element abundances can be significantly modified 
with respect to the photospheric mixture. The abundance anomalies in the solar coro- 
nal plasma appear to be a function of the element's first ionization potential (FIP), 
with low FIP elements (< 10 eV) found to be enhanced in the corona typically by a 
factor ~ 3 — 4, and high FIP elements (> 10 eV) having coronal abundances clos e to 
their photospheric values (sec leftjmnel of Fig.\^ and reviews by i Mey er 1985: Fel dmanI 
I1992I : see also ISvlwester et al.i l20ld for recent results on the very low FIP, 4.34 eV, 
element, K ). There is no evidence supporting a mass dependence of the abundance 
variations (Feldmanll 19*93 ). 



Detailed studies of the chemical composition of solar plasmas have shown that this 
"FIP effect" varies in different types of solar features - with, e.g., coronal holes, fast so- 
lar wind, and newly emerged active regions showing abundances c lose to photospheric-, 
from structure to structure, and in time, as shown for instance bv lWiding and FeldmanI 
([2001) for active regions during their evolution (see right panel of Figure [T]). 

Element abundances for the Sun as a star, i.e. fr om full-disk integrated measure- 
ments, are surprisingly scarce fsee lLaming et al]|l995l . and references therein), and it is 
therefore challenging to estimate the abun dances of integ r ated s olar disk spectra from 
findings concerning spec ific solar features. i Lamingetali » , reanalyzing full-disk 



quiet Sun spectra from iMalinovsky and HerouxT i 19731 ). recovered the 'coronal' FIP 
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Fig. 1 Left: Ratio of coronal llFeldmanlll992l ) vs. photospheric llAnders and Grevesse|[l989l ) 

abundances for the Sun. Elements with high first ionization potential (FIP), > 10 eV, appear to 
have coronal abundances close to their photospheric values, while elements with FIP < 10 eV 
are more abundant in corona, typically by a factor ~ 3 — 4. Right: Evolution of FIP bias (ratio 
of coronal to photospheric abundances for l ow FIP elements), in a solar active region over 
several days as derived from Skylab data by IWiding and FeldmanI (|2001) (who use Mg/Ne, 
coronal to photospheric ratio, as a measure of th e FIP bias), and sho wing a steady increase 
with time of the FIP effect (data from Fig. 3a of IWiding and Feldmanll2001l : error estimates 
are shown for two measures to indicate typical uncertainties). 



effect for the million degree and hotter plasma, while the cooler plasma shows substan- 
tially smaller fractionation. They interpret this result as suggestion of a FIP effect as 
a function of coronal height. 



A bundances also appe ar to vary during flares (see e.g., Svlwesteret_^ 19841 : If^ldman and Widine 

Il990l : IPhillips et aLlliooi : and references in lFeldmanlll992l : IPoscheklllQQOl ). and in par- 
ticular th ere is considera ble evidence of N e-enriched p lasma in several flares (see e.g., 
review bv lMurphvlboOTi , and references in lPrake and Testa 2005). However, there are 
also flares where abundan ces appear to be coronal, i.e. showing the typical FIP efi'ect 
(e.g., iFeldman et"al]l2004h . 

Generally it is not straightforward to determine whether the observed anomalies 
correspond to an enhancement of low FIP elements in the corona compared to their 
photospheric abundances, or whether on the contrary the high FIP elements are de- 
pleted in the corona. The comparison of the intensity of coronal spectral lines with 
the underlying continuum emission, which fo r a solar- li ke co mposition arises primar- 
ily from H, allows investigation of this issue. iFeldmanI l|l992h reviews some results of 
analyses of solar X-ray spec tra: although som e studies seem to indicate a depletion of 



high FIP elements (see also lRavmond et al |1997. 19 981), most res ults appear to poin t 



to enrichment of low FIP elements (see also Phillips et al.ll2003l and I White et al.|[2000l ) 



Abundance patterns and their variations in different conditions are important be- 
cause they provide insights into the physical processes leading to the chemical fraction- 
ation of the coronal plasmas, which are likely linked to the elusive heating mechanisms 
(see H2. 31 where we briefly review the status of modeling of the abundance properties 
in the solar and stellar coronae). 
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2.2 Stellar Coronae 

X-ray emission of low-mass stars presents close similarities with the solar coronal emis- 
sion and it is indeed assumed that stellar cor onae arise from processes analogou s to the 
ones at work on the Sun (see e.g., reviews bv lGiidel and Nazell2OO9l : lTestall2O10l ). Early 
X-ray and EUV studies of late-type stars (based on low to medium resolution ASCA, 
EUVE, BeppoS AX spectra), however, provided some first indications that abundances 
in stellar coronae are potentially very different from the solar corona; 

— solar-like FIP effect for some low to intermediate activity stars, such as a Cen, e Eri, 
^ Boo A (e.g.. brake et al.lll997l: iLaming et a"i]|l996l : iLaining and Drak3ll999l ) 

"l99'5fl 



no FIP effect: e.g., Procvon ijPrake et al 



— meta l deficiency, i.e. Fe underabundance in the coronae of active stars fe.g.. lSchmitt et aD 
1 19961 : ISingh et al.lll999l : IPallavicini eral]|2000l ) 

The robustness of these findings was however difficult to assess because of sev- 
eral intrinsic limitations of the data. For instance, in low-resolution spectra, typically 
fitted with a few (1-3) isothermal components, emission lines and continuum are en- 
tangled and therefore thermal structure and abundances of single elements cannot be 
tightly constrained. Also in the higher resolution spectra obtained with EUVE the 
determination of element abundances was somewhat hampered by the lack of strong 
lines of a large number of elements for a wide range of coronal thermal properties (see 
IPrake 2003a , for a discussion). Atomic data applied in global model fitting procedures 
were also largely untested against high resolution benchmarks, and suspicions of sig- 
nificant de ficiencies in terms of completen ess in some species were well-founded (e.g., 
Ijordan et al . 1998: Brickhouse et al.ll2000l '). 

Another fundamental issue to keep in mind when considering abundance anomalies 
in stellar coronae, is the fact that stellar photospheric abundances are often unknown, 
and stellar coronal values are compared with solar photospheric abundances. The de- 
termination of photospheric abundances is particularly difficult for active stars due to 
their typical rapid rotation, and subsequent line broadening. This caveat holds true not 
only for the early results discussed above, and we will discuss it in some more detail in 
the following. 

In the past decade the high spectral resolution provided by the X-ray spectrometers 
onboard Chandra and XMM-Newton has provided new, much more accurate, tools for 
abundance diagnostics. In these spectra, strong, relatively unblended emission lines of 
several elements (e.g., C, N, O, Ne, Mg, Si, S, Fe) formed over a wide temperature 
range provide accurate line-based abundance diagnostics. 

The first light spectrum of the active RS CVn binary system HR 1099 clearly 
showed significant abundance anomalies, in particular with evident Fe underabundance 
and Ne overabundanc e, and the overall indication of an "inverse" FIP effect (IFIP; 
iBrinkman et al.|l200ll : see Figure [2]|, with coronal depletion of low FIP elements and 
enhancement of high FIP elements. 

Studies of increasingly larger samples of high-resolution X-ray spectra of stellar 
coronae with different characteristics have fleshed out trends of abundance patterns 
as a function of stellar parameters. In particular, th e abun dance anomalies appear to 
change as a function of stellar activity. 'Audard et al.' ('2003') had shown the presen ce of 
IFIP in several active stars (see also e.g., Hucncmocrdcr ct al. 2001; Sanz-Forcada et al.l 
I2003I '). and hinted at a transition from IFIP to FIP effect for decreasing stellar activity. 
This effect is evident in large samples of stars when looking at the abundance ratio of 
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Fig. 2 Element abundances from th e XMM-Newton high -resolution spectrum of the active 
binary system HR 1099 (figure from Bri nkman et al.ll2001l 'l. The coronal abundances relative 
to solar photospheric abundances are plotted. The abundance pattern is opposite to what is 
typically observed in the solar corona (co mpare with le ft panel of Figure^ and it has therefore 
been dubbed "inverse FIP effect", bv lBrinkman et al.l 



the low-FIP element Fe over the high-FIP element O, as a function of the fractional 
X-ra y to b olometric Imninosity (-f/x/^boOj which is a measure of the activity level 
(e.g.. iGarcfa-Alvarez et a l. 200!^; see Figure[31). The Fe/0 observed ratios span a wide 
ran ee, varying by more t han one order of magnitude. 

Telleschi et al.l (|2005l ) have recently carried out a study of the "Sun in time" ana- 



lyzing high-resolution X-ray spectra of six solar analogs at different evolutionary stages 
(and ages from 0.1 to 1.6 Gyr), and studying the evolution of the characteristics of X- 
ray emission. They found a decline of X-ray activity in all its aspects -X-ray luminosity, 
flare rate, peak coronal temperature- and also found indication of a corresponding evo- 
lution of coronal abundances from an IFIP effect, in the early active stages, to a solar- 
like FIP effect on short timescales (< 300 Myr, much smaller than the main-sequence 
lifetime of solar-like stars). 

Studies of the Ne/O abundance ratio in stellar coronae, compared to the Sun, have 
brought about interesting re sults and some heated debate. As shown for instance in 
Figure [3] (rii^/it panel; see also lOrake and TestalbOOsI ). the Ne/O ratio is rather constant 
over a wide range of activity levelfl. This is not surprising as Ne and O both have high 
FIP, and therefore no strong relative fractionation is expected for these two elements. 
It is however intriguing that the Ne/O ratio in stellar coronae appears systematically 
higher (by roughly a factor 2) th an the assum ed solar photospheric value and typical 
solar coronal measurements (e.g.. lYoundbooil ). This might have important repercus- 
sions on an outstanding issue in the modeling of the solar interior. Recently, the use 
of new realistic 3D time-dependent hydrodynamical models of the solar atmosphere 
(accounting for the effects of, e.g., convective flows and granulation), together with 
improvements of atomic data, and relaxation of local thermal equilibrium conditions, 
has led to a signifi cant downward revisi on of abundances of several abundant elements, 
such as C, N, O jAsplund et al.ll2005l ). with respect to the widely used compilation 



^ At least for "normal" coronae; see ij4]for a discussion about abundance anomalies in pre- 
main sequence low-mass stars. 
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spheric mixture lAspIund et al.ll2005l ) for a large sample of high resolution X-ray spectra of 
late-type stars with different activity level, age, multiplicity. The abundance ratios (in the 
bracket notation indicating the logarithmic scale, compared to the corresponding solar value) 
are plotted as a function of the fractional X-ray to bolometric luminosity (ix/^boOi which 
is a measure of the activity level. Fe/O clearly decreases with stellar activity, while Ne/O ap- 
pears more constant and ge nerally with values a factor ~ 2 larger than the solar photospheric 
assumed ratio. Figures from lGarcia- Alvarez et al] ||2009| ). 



of I Grevesse and Sauvaj (|l998l ). This, in turn, broke t he previous agreem ent between 
helioseismology data and models of the solar interior ( Bahcall et al.ll2005l ). because of 
the reduction of opacity due to the lower C, N, O abundances. An accurate determi- 
nation of the Ne abundance is potentially important for this issue, because Ne is an 
abundant element and it contributes significantly to the opacity in the solar interior. 
Unfortunately, the Ne abundance cannot be measured in the solar photosphere because 
of a lack of photospheric lines (due to its high ionization potential). As a result, its 
abundance needs to be inferred indirectly, and it is typically scaled from measurements 
of solar corona and solar wind by assuming the same Ne/O ratio. If the higher Ne/O of 
stellar coronae is assumed to reflect the underlying photospheric abundance, and the 
lower solar coronal Ne/O (and a few other very low activity stars. [Robrade et al.ll20oi ) 
is explained in terms of depletion of Ne with res pect to the photospheric composition 
as also predicted by some models ( Laminell2009l . see discussion about models in i|2.3|) . 
the higher photo spheric Nc might provide enoug h opacity to help resolve the "solar 
model problem" ( Drake and Testail2Q05l : lAntia an d Basu,,, 20051). However , it now seems 
unlikely that neon can provide the full solution jsasu and Antial [200^ 1 . Also, recent 
studies of B-type stars, which have photospheric Ne lines because of their hotter photo- 
spheric temperatures with respect to solar-like stars, suggest that for those stars the Ne 
abundance might be higher than the adopt ed solar photospheric value but not quite as 
high a o bserved in activ e coronae (see e.g.. lCunha et alJl2006l : iMorel and Butleill2008l . 
and also lPrzvbilla et"aL 2008 wh o find Ne/O values only slightly higher than the solar 
adopted value; see also Wang and Liull2008l for studies on PNe). 

The scenario depicted above, while likely holding in general terms, can break down 
significantly when looking at specific cases. One very interesting and puz zling case is 
presented by the binary system 70 Oph studied bv lWood and Linskvi ( 20061 ) : the nearly 
identical stellar components (age, spectral type, activity level, rotation period) have 
somewhat different properties of their coronal abundances: one component, 70 Oph A 
(logLx/ibol ''^ ~5), shows a prominent solar- like FTP effect, whereas the other com- 
ponent, 70 Oph B (logLx/^bol ~ ^4.5), is characterized by no evident FIP or maybe 
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Fig. 4 Left: FIP bias, defined by IWood and Linskvl 1I2OIOI I as the average values of coronal 
vs. photospheric abundances for the high FIP elements, plotted as a functi on of spectral type 
for so me low to moderate activity stars, with Lx < 10^^ erg/s (figure fromlWood and Linskvl 
120101) . Right: Fe/Ne abundance ratio as a function of spectral type for a sample T Taur i stars, 
and z ero-age and active main-sequence stars from high-resolution spectra (figure from [Giidell 
120071 : see also discussion in Q. Red diamonds represent accreting T Tauri stars (CTTS), 
blue triangles represent weak-line T Tauri stars, while green squares are main sequence X-ray 
sources. 



a even mild IFIP effect. IWood and Linskvl (|201(]l l analyze a sample of solar-like stars 
with low to moderate activity (Lx < lO'^^ erg/s) and find a good correlation of FIP 
effect with spectral type (see left panel of figure 3] we note that for this sample no 
clear correlation is present between FIP bias and activity level). They find that this 
correlation considerably weakens when more active stars are included and argue that 
the rapid stellar rotation in these higher activity stars induces modifications to the 
fundamental stellar properties to which the fractionation processes might be sensitive. 
This might be in lin e with some evidence obtai ned through t he stu dy of young pre- 
mam sequence stars: iTelleschi etlo] (|2007l ') and ICiidel et all (|2007bl ') have studied T 



Tauri stars and found some indication of a possible dependence of the FIP effe ct on 
the stellar spectral type (see right panel of figure HI and also IJH and lGudell2007l ') . 

Abundance variations in stellar coronae during flares are difficult to establish. High- 
resolution spectroscopy requires a large number of photons, and with the limited ef- 
fective areas of the present-day X-ray observatories it is still difficult to carry out 
detailed time-resolved spectroscopic analysifl Another potential difficulty in deriv- 
ing abundances reliably from flare spectra is the fact that departures from ionization 
equilibrium conditions are more likely in fiare conditions, whereas spectral modeling 
usually assumes equilibrium conditions. Previously, analysis of low resolution spectra 
of a few large flar es in active stars provided evidence for an inc rease in low-FIP element 
abundances (e.g.. iFavata and Schmit3l 19991 : [(jiidel et al.lll999l . for these spectra, Fe of- 
ten has the better constrained abundance, and uncertainties on derived abundances 
are generally large). The studies carried out so far on high-resolution spectra suggest 
in most cases that during flares the abundance anomalies get milder, i.e., abundances 
appear to get closer to photospheric values during the flare, no matter whether the 
"quiescent" spec t rum is characterized by the FIP or IFIP effect ( Giidel et al.ll200ll : 



iTesta et al.ll2007l : iNordon and Behatlboosi ) . This effect, if conflrmed, is consistent with 



^ The International X-ray Observatory (IXO), in the planning stages for a launch about 
a decade from now, and with much larger expected effective area, would make this kind of 
analysis possible for a large number of stars. 



8 




-0.8 -0.6 -0.4 -0.2 0.2 0.4 

FB Quicsuencc v.s. Solar (FIP cffccl) 



Fig. 5 Abundance variations during stellar flares, as derived from high-resolution spectra. 
The X-axis indicates the "FIP bias" of the star for the quiescent coronal plasma; on the left are 
stellar coronae characterized by inverse FIP, and on the right are coronae with FIP effect (and 
therefore also the solar corona). The y-axis indicates the FIP bias of the flaring plasma vs. the 
quiescent composition: negative values indicate a relative inverse FIP (e.g., for solar flares a 
relative enhancement of high-FIP elements and/or depletion of low-FIP elements), and positive 
values indicate a relative FIP effect in the flare vs. quiescence. The data suggest a pattern of 
flare abundances being closer to (solar) photospheric mixtu re, and support a chromospheric 
evaporation scenario. Figure from lNordon and BehaJ ll2008l V 



the chromospheric evaporation scenario (e.g.. lHiravamalll974l : iFisher et al]|l985l ). and 
it also supports that the observed abundance trends are a real coronal phenomenon 
and are not simply reflecting photospheric abundance peculiarities. The sample is how- 
ever biased towards high-activity stars, and therefore further investigations are needed 
to confirm this finding. It is also worth noting that there arc examples of large fiares 
where no significant abundance changes are observed (e.g.. jHuenemoerder et al..,200ll ). 



Abundances and stellar evolution — Abundance anomalies of X-ray emitting plasmas 
in stars can in some cases be used as a probe for stellar evolution, as for instance in 
the case of Algol. Algol is an eclipsing binary system composed of an early-type main 
sequence primary (B8 v) and a late-type secondary (G8 ill) filling its Roche lobe and 
losing mass to the primary. The secondary component was initially the more massive 
star of the system which evolved and lost a significant portion of its initial mass. The 
X-ray spectrum of Algol shows enhancement of the N/C abundance ratio b y an ord er of 
magni tude when compared with similar coronal sources ( Schmitt and Ness 2002; D rake! 
l2003bh . as shown in Figure |S] The anomalous carbon to nitrogen ratio can be explained 
as a result of the CN-cycle processing in the (now) secondary comp onent (GSlll) evi- 
dent i n atmospheri c layers exposed by mass transfer to the primary ( Schmitt and Ne"s3 
I2OO2I : brak e 2003b). By comparing the observed N/C ratio with predictions of evolu- 
tionary models. .Draka (,2003b ) estimates that Algol B has lost at least half of its initial 
mass. 



General caveats for studies of element abundances from X-ray spectra: 

— Temperature and abundances. The observed spectrum depends on both element 
abundances and thermal structure, which are often derived simultaneously, either 
through a global fit of the spectrum (especially for lower resolution spectra) or 
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Fig. 6 Comparison of Chandra spectra of Algol and HR 1099, in t he 2-35A range , containing 
the strong emission lines of C, N, and O (figure from lDrakell2003bf l . IPraig ll20031j ') shows that 
these two sources have X-ray emission with very similar properties, with the exception of a 
very different C/N abundance ratio reflecting the effects of CN-cycle processing. 



through line-based diagnostics allowing derivation of the plasma emission mea- 
sure distribution (EMD) and chemical composition. High-resolution Chandra and 
XMM-Newton spectra allow us to resolve emission lines and provide us with much 
more accurate diagnostics to disentangle temperature and abundances. Abundance 
diagnostics based on temp erature independent ratios of combin ation of strong lines 
can be developed (see e.g.. lDrak3l2003al : lDrake and Testall2005l ). This technique has 
the advantages of providing a diagnostic independent on complex EMD reconstruc- 
tions, and also, is based on strong lines (H-like, He-like) for which more reliable 
atomic data exist (and the refore it has intrinsic smaller associated uncertainties). 
iHuenemoerder et al.l (|2009 l) compared the results of the two different approaches 
for the Chandra high resolution spectrum of the young binary system 9^ Ori E 
(composed of two Glll type stars), and find a general good agreement between 
the temperature independent line ratio method and the full EMD method (see 
Figure ^ . 

— High activity bias. High-resolution spectroscopy is biased towards high flux sources, 
which implies a bias towards high activity levels. Therefore it is often difficult to 
characterize the abundances patterns and anomalies at the low activity end of the 
range, closer to the solar activity level. 

— Lack of stellar photospheric abundances. As noted above, for most active stars 
accurate assessments of their photospheric abundances are not available, mainly 
due to their high rotation rates. For these stars coronal abundances are typically 
compared to solar photospheric abundances, and therefore an apparently signifi- 
cant chemical fractionation might simply be caused by significant departures of the 
underlying stellar photospheric abundances from those of the Sun. This has been 
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Fig. 7 Comparison of abundance ratios, for 6^ Ori E, derived with two different metliods: (a) 
based on simultaneous emission measure distribution and abundances analysis, Abratio(^Af)i 
or (b) based temperature in s ensiti ve ratios, AfejatioC^ins)- Data from analysis of Chandra spec- 
tra bv lHuenemoerder et alj ll2009l ). The large errors for ratios involving oxygen are due to the 
poor signal in the Ovil, VIII lines, which are lying at large wavelength where the instrument 
sensitivity is lower. 



suggested for a few stars bv lSanz-Forcada et al. I (|2004l2009l ) but it likely cannot ex 



plain the large ranges of fractionation: other cases with accurately determined pho- 
tospheric abu ndance s sti l l show an inverse FIP effect (Huonemoerder et al ] |200ll : 
ISanz-Forcada et al.. ,20031 : iTelleschi et a l. 2005; Garcia- Alvarez et al.. .20051^ In or- 
der to put the results discussed above on more stable grounds actual stellar photo- 
spheric abundances should be derived for a larger sample of active stars for which 
coronal abundances have been studied. 
— Absolute abundances. In general, absolute abundances can prove difficult to con- 
strain, for several reasons such as for instance the above mentioned interdependence 
of abundances and emission distribution, or the fact that the continuum is often 
challenging to separate from the pseudo-continuum formed by large numbers of 
weak lines. Therefore, abundance ratios can usually be determined more accurately 
than absolute abundances. 

We note that most of the above challenges in abundance studies in stellar coronae 
apply also to the analysis of X-ray emission from massive stars and from young low- 
mass stars, which are discussed later in 33] and 2] 



2.3 Physics of Element Fractionation 

The findings discussed so far, clearly demonstrate that the hot plasma in the outer 
atmosphere of the Sun and several other late-type stars is subject to chemical fraction- 
ation, yielding enhancement or depletion of the element abundances up to an order 
of magnitude and more. Even allowing for uncertainties, for instance due to undeter- 
mined stellar photospheric abundances, the observed abundance anomalies are largely 
described by a FIP or inverse FIP effect. The apparent dependence of the observed 
fractionation on the element first ionization potential, provides clues as to where in 
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the stellar atmosphere the fractionation is more likely to happen: in the chromosphere 
where low FIP elements are ionized and high FIP elements are still mostly neutral. 

Several models have been proposed to explain the observe d coronal abundance 
patter n, in particular the solar FIP effect (see e.g., reviews bv lHenouxlll995l : lOrakel 
l2003al l. Here we briefly discuss some of the physical processes that may be playing a 
role in the fractionation of elements from the photosphere to the hotter outer layers 
of the atmosp h ere of stars, an d su mmarize t he most rec ent viable models; we refer to 
iHenouxl (| 19951 ) . lOraki l|2003al '). and lLaminj l|2004l . I2OO9I ') for more detailed discussions. 

Gravity, temperature gradients, electric and magnetic fields, are all expected to 
affect the chemical composition of the coronal plasma by acting selectively on the el- 
ements depending on either the mass of the ion (e.g., gravitational settling, thermal 
diffusion), or on the charge of the ion (e.g., frictional drag), or on its charge-to- mass 
ratio (e.g., ambipolar diffusion). At the same time fiows and turbulence effects are ex- 
pected to work toward mixing the coronal plasma, and can be effective in mitigating 
or eliminating chemical fractionation. To understand the relative role of each of these 
effects, it is therefore clearly important to establish the observational constraints in a 
robust fashion. The extent of the abundance variations, and their variability, or lack 
thereof, in disk integrated stellar emission can provide us with insights into the prop- 
erties of the fractionation mechanism (s) and provide tight constraints on the models 
which need to reproduce the wide range of abundance anomalies as a function of stellar 
par ameters. 

iHenouxl (|l995h . lDrak3 l|2003al '). and lLaminj l|2004l . l2009l ') discuss in detail the issues 
with early models, which were unable to quantitatively explain the wide range of FIP 
bias values in solar coron al features, and also to reproduce qualitatively both FIP 
and IFIP efltects. Recently iLamind (|2004l . I2OO9I ') has modeled the effect on chemical 
fractionation of ponderomotive forces associated with the propagation of Alven waves 
through the chromosphere. The proposed model is able to reproduce both FIP and IFIP 
effect, depending mainly on the chromospheric wave energy density, and therefore it also 
represents a promising step forward in our understanding of both abundance anomalies 
and possibly coronal heating processes in stellar coronae. To allow for further detailed 
comparisons, it is important that the inherent assumptions and free para meters ar e 
further relaxed or reduced. A interesting prediction naturally arising from iLamind 's 
model concerns the abundances of He and Ne in the outer atmosphere of the Sun. 
Both elements are predicted to be depleted with respect to their photospheric values. 
Helium is pred icted to be deple ted by factors largely consistent with observations of the 
solar wind (Ka sper et al.lf2007l l. The predicted depletion of Ne represents an interesting 
element in the debate about the solar Ne, which was briefly touched upon in the above. 



3 Abundances in X-ray Plasmas in Massive Stars 

There are very few detailed studies of abundances of X-ray emitting plasmas in early- 
type stars. The general properties of the X-ray emission of early-type stars are well 
explained by a model in which X-rays originate in shocks pr oduced by instabilities 
in the radiat i vely driven winds of these massive stars (e.g., ILucv and Whit j ll98Cll : 
lOwocki et al.l[l988l ). However, high-resolution X-ray spectroscopy with Chandra and 
XMM-Newton has revealed a somewhat more complex scenario, where at least for 
some of these ma s sive stars magnetic fie l ds also likel y play a significant role (see e.g., 
iRauw et al.]|2008l : iGiidel and Nazll2009l : iTestalbOld . for reviews of recent findings) . 
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The line formation radius, overall wind properties, and absorption of overlying cool 
material, need to be modeled in detail in order to reproduce the observed spectra with 
broad, and often shifted and asymmetric lines. Therefore the analysis of abundances 
is in general more complex than for X-ray spectra of low-mass stars. It is also worth 
noting that the chemical c omposition of the hot photospheres of these stars is general ly 
difficult to constrain (e.g.. iBouret et al.ll2003l : IPrzvbilla et al.ll2008l : IPuls et aLlboOSl ). 

With these caveats in mind we proceed and review some recent results of abun- 
dance analysis from X-ray spectra of massive stars. Studies of individual stars have 
shown some interestin g insights into the element abundances of the X-ray emitting 
plasmas. For instance. iFavata et al.l l|2009t) have studied X-ray spectra of the Be star 
P Cep, for which accurate photospheric abundance determinations exist, and found a 
moderate depletion of mo st elements i n the X-ray emitting plasma compared to the 



photospheric composition. iKahn et al.l (|200lh find a high N/C abundance ratio for the 
04Ief supergiant Puppis, reflecting CNO processing (see also the discussions about 
the X-ray abundances of C and N in Algol, at the end of >i2.2p . 

The X-ray spectra of 7 Cas, and the "7 Cas-like" Be star HD 110432, which are 
hard X-ray sources, provide some of the most interesting results: Fe is found to be 
significantly underabundant in the hottest spectral component (> 10 keV) compared 
to th e warm/hot (< 3 keV) component ( Smith et al.l I2OO1I : iLopes de Oliveira et al.l 
The authors suggest that a fractionation mechanism might be at work, similar 
to the process producing the FIP effect in the solar corona. 

IZhekov and Pallal (|2007l ) analyzed high-resolution X-ray spectra of more than a 
dozen early-type stars (spectral type 03-Bl) and derived an estimate for the element 
abundances. They find subsolar metallicity, especially for Fe, fo r which they find values 
spanning the range 0.2 - 0.6 Fe© (see also I Cohen et al.ll2010h . If confirmed by more 
realistic modeling of the spectral lines, this result would be very interesting, since it is 
difficult to imagine that these massive, young stars would have significantly subsolar 
photospheric metallicity (see age-metallicity relation from, e.g.. .Holmbcrg et al.„2007l ). 



4 Abundances in Pre-Main Sequence Low-Mass Stars 

Low-mass young stars (T Tauri stars) are strong and variable X-ray sources, and their 
X-ray emission properties are explain ed to a large exte nt by solar-like magnetic ac- 
tivity (see e.g., IPreibisch et al.. 2005; Giidel et al.ll2007al ). In T Tauri stars which are 
still accreting material from their circumstellar disks (classical T Tauri stars, CTTS), 
however, plasma heated in the accretion shock may produce additional X-ray emis- 
sion. Classical TTS are on average less X-ray luminous than the non-accreting TTS 
(by a factor ~ 2), but otherwise their general X-ray emission properties do not differ 
significantly. 

High-resolution X-ray spectroscopy with Chandra and XMM-Newton allows the 
determination of much more accurate plasma diagnostics (temperature, density, abun- 
dances), and it has provided compelling evidence of peculiar characteristics of the 
X-ray emission of CTTS that are well described by an accretion relate d X-ray pro- 
ductio n mechanism. Specifically, with the exception of the CTTS T Tau dCiidel et al.l 
l2007bh , all available high-resolution spectra of CTTS show evidence of unusually high 
densities for the few million degree plas ma, and a soft "excess" revealing an unusuall> 



aensities tor tne tew mnuon aegree plas ma, ana a sott excess reveanng an unusually 
strong cool (r ~ 2-4 MK) component (|Kastner et al.ll2002l : [stelzer and Schmittll2004l : 
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Schmi^^^^JioOS 1^ Guntheret,^ .l2006l:l Huenemoerder et a ■hooilArriroffi et al.ll2007l : 
Robrade and Schmittll2007l : ICiidel and Telleschill2007l i! 



Abundance anomalies are also observed in some of these CTTS, although they are 
not present in all of them. The spectrum of TW Hydrae indicates a stro ng depletion of 



Fe and O (with Fe ^ 0.2 Fep)) a nd large enhancement of Ne (~ 2 Ne©) ( Kastner et al.l 
I2OO2I : IStelzer and Schmittll2004l ) . These peculiar abundances, together with the anoma- 
lous high density of the strong cool emission, have been interpreted as the effect of metal 
depletion of grain forming elements (e.g., Fe, O, Si): if dust grains settle in the circum- 
stellar disk midplane while the gas extends up to the disk surface where it can be more 
efficiently ionized and accreted, then the X-ray emitting accreted plasma would reflect 
the chemical composition of the gas phase component of the circumstellar material. 
Other CTTS also show anomalous abundances, and, in particular, an uncommonl y 
high Ne/Fe abund ance ratio (e.g., lArgiroffi et allboosl : iRobrade and Schmitt|[20oi l. 



Drake et al. I l|2005h find that the abundance ratio of Ne/O of TW Hya is anomalously 



high, by a factor > 2 with respect to other stellar coronae, and also with respect to 
another much younger CTTS, BP Tau. In agreement with the above scenario, the ad- 
vanced evolutionary stage of the disk of TW Hya (~ 10 Myr old) implies a high level of 
depletion of metals locked into grains with respect to volatile Ne. This interpretation 
is also in agreement wit h evidence of ongo ing coagulation of grains into larger bodies 
in the disk of TW Hya (|Wilner et al.lboOSi '). In the younger BP Tau (~ 0.6 Myr), the 



disk is expected to be signi ficantly less evolved , and therefore with much more limited 
dust/gas separation, if anv. iDrake et al. I (|2005h therefore advanced the possibility that 



an anomalously high Ne/O could provide a useful indicator of evolutionary stage of the 
circumstellar disk in accreting TTS. Furthe r analyses of other hi gh resolution spectra 
of CTTS have provided ambiguous results: ICiinther et"al] (|2006l ') find for V4046 Sgr, 
another old (~ 12 Myr) CTTS, N e/O similar to TW Hy a, apparently supporting the 
scenario depicted above; however, lArgiroffi et al] l|2007l ) found a possible counterex- 



ample in MP Mus, which despite being likely in a late stage of the pre-main sequence 
accretion phase (~ 16 Myr) has Ne/O compatible with other coronae (see Figure [S]). 
However, the X-ray spectrum of MP Mus appears to be characterized by an average 
plasma temperature significantly higher than that of TW Hya and V4046 Sgr, suggest- 
ing for MP Mus a larger coronal contribution to the X-ray emission with respect to 
TW Hya and V4046 Sgr which might have relatively more prominent accretion related 
X-ray emission. In this scenario, the abundances derived from the spectrum would 
represent average values of the coronal and accretion shock plasmas weighted by the 
relative contribution of each component. Even if the data do not rule out the possibility 
that in MP Mus the lower Ne /O might be due to t he more significant coronal contri- 



bution to the X-ray emission, UrgirofB et al] (|2007h find that this scenario provides a 



less satisfactory fit to the data, and therefore deem this explanation unlikely. 

IScelsi et al.l (|2007h analyzed a sample of 20 bright TTS (with a signal-to-noise 
ratio deemed high enough to be able to constrain abundances from medium-resolution 
spectra) in the Taurus- Auriga star formation region, and find that in this limited sample 
accreting and non-accreting sources have X-ray emission with very similar temperature 
and chemical composition. This finding suggests that, in general, accretion related 
processes are not modifying significantly the chemical composition of the coronae of 
young active stars. 

Studies of abundances from large samples of X-ray spectra of TTS have yielded 
results sometimes not easily reco n ciled with the findings for more evolved late-type 
stars. For instance, iMaggio et al.l 1 2007h studied CCD-resolution Chandra spectra of 
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Fig. 8 Average plasma temperature {top panel) and Ne/0 abundance ratio [bottom panel), 
derived from high-resolution X-ray spectra and plotted vs. age, for a sample of four 
classical T Tauri stars showin g evidence of accretion rel ated process es contributing to 
their X-ray emission: BP Tau llRobrade and Schmitl| I2006D . TW Hv a llDrake et alj l2005l : 
iRobrade an d Schmitt 2006), V404 6 Sgr llGunther et al.ll2006r) . MP Mus llArgirofE et ahlboOTl) . 
Figure from iArgirofti et al.l l l2007f) . 



146 bright Orion sources and find that for the sample as a whole, and using a set of 
stellar photospheric abundances or abundances of the Orion Nebula as a reference, 
only Fe appears significantly fractionated, depleted by a factor 1.5-3. This result might 
either indicate that the abundances used as the photospheric reference do not repre- 
sent accurately the photospheric composition of this sample, or it might point instead 
to an actual absence of a clear IFIP effect at variance with the results discussed in 
i)2.2l for more evolved stars with similar activity levels. This latter case would imply 
significant differences in the fractionation processes at wo r k in t hese young stars with 
respect to their more evolved counterparts. FRUeschi et al.l (|2007l ) from the high resolu- 
tion XMM-Newton spectra of 9 TTS find that a FTP dependent fractionation effect is 
present and seems to change as a function of the stellar spectral type. Specifically Ne 
is overabundant (Ne/Fe ~ 4 — 6 times solar) in K and M-type stars, while earlier type 
have higher Fe abundance (see right panel of Figure |3| . Stellar mass and gravity do 
not appe ar to infiuence the coronal abundances. Although this result echoes the results 
found bv lWood and Linskvl (|2O10h for solar-like main se quence stars (as discussed in 
ii2.2p , the young stars studied by iTelleschi et al. I l|2007l ) are much more active, with 
typical luminosities above lO'^" erg/s, i. e. in the range of a c tivity where the correlation 
of FIP bias and spectral type found bv lWood and Linskvl (2010) breaks. In summary, 
the possible dependence of element fractionation mechanisms on the spectral type and 
evolutionary phase is an open issue to be addressed through the study of larger samples 
of stars, both in early evolutionary stages and in main sequence. 
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5 Conclusions 

In this paper we have reviewed recent advances in our understanding of the chemical 
composition of X-ray emitting plasma in stars brought about in the past decade. In 
particular, high-resolution X-ray spectroscopy with Chandra and XMM-Newton has 
allowed robust determination of the element abundances from X-ray spectra iudicating 
that the abundance anomalies in stellar coronae are real and not an artifact of the 
modeling of low and medium resolution spectra. 

Abundance anomalies in coronae of cool stars arc largely described by fractiona- 
tion processes dependent on the element's first ionization potential, and they appear 
to be a function of the stellar X-ray activity level. A solar-like FTP effect (abundance 
enhancement of low-FlP elements in coronal plasma) is typically observed in other low 
to intermediate activity stars similar to the Sun, whereas high activity stars are char- 
acterized by an inverse FIP effect (depletion of low-FIP elements in the corona) . These 
findings, however, heavily rely on the assumption that the often unknown underly- 
ing stellar photospheric abundances are similar to the solar photospheric abundances. 
More photospheric abundance studies are needed in order to uncover the true coronal 
abundance anomalies in a more reliable way and firmly establish the validity of the 
apparent trends. 

The abundance of neon shows an interesting pattern with active stars showing a 
Ne/O abundance ratio significantly larger than the Sun and other low activity stars. 
This might point to a fractionation of Ne in coronal plasma, either depletion in solar- 
like activity stars or enhancement in active stars, and raises the issue of what the 
photospheric Ne abundance is in the Sun and in nearby stars. 

Studies of fiares suggest significant abundance variations compared to quiescent 
conditions, though the limited quality of the time-resolved spectroscopy achievable at 
present, and the effects of non-equilibrium, which are difficult to model and constrain, 
cast some doubts on the robustness of these findings. Improved capabilities for tempo- 
rally resolved spectral diagnostics are required to be able to confirm these results. 

Recent studies also suggest that the chemical fractionation of coronal plasma might 
depend on the stellar spectral type. This dependence, however, appears to apply only 
to low to intermediate activity stars, with possibly important consequences in the 
context of developing a theoretical framework to interpret the abundance anomalies. 
In fact, this finding can put significant constraints on the models as it might suggest 
that instead of a unique mechanism of fractionation for all coronae, different processes 
might be dominant in stars similar to the Sun and in stars with higher activity level. 

For massive stars, an accurate knowledge of the abundances of their X-ray emitting 
plasmas is still lacking. However, recent investigations with high-resolution spectra have 
produced interesting results, suggesting subsolar Fe abundance for several early-type 
stars, and a possible temperature dependent solar-like FIP effect in some sources with 
hard X-ray spectra. 

In young low-mass stars the chemical composition of X-ray plasmas typically shows 
chaiacteristics analogous to more evolved stars with similar activity levels, i.e., an in- 
verse FIP effect, in particular with low Fe abundance and high Ne. Also for pre- main 

sequence stars more reliable photospheric abundances need to be determined in order 
to establish the actual extent of these apparent coronal abundance anomalies. The coro- 
nal abundances of T Tauri stars do not appear to depend on the presence of ongoing 

accretion or lack thereof. A few unusually old accreting T Tauri stars show peculiarly 
high Ne/O abundance ratio in their X-ray emission; this anomalous chemical composi- 
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tion is suggestive of advanced evolution of the circumstcUar disk yielding depletion of 
grain-forming elements, compared to Ne which is volatile. These abundance peculiari- 
ties, however, are not found consistently in other old accreting T Tauri stars therefore 
questioning the validity of this scenario. 

Although the study of the element abundances in stellar X-ray plasmas has recently 
yielded significant progress, substantial improvements on both the observational con- 
straints and theoretical models axe required to begin understanding the physics of 
chemical fractionation in stars. This process is likely connected to the yet poorly un- 
derstood mechanisni(s) of mass and energy transport to the corona, which are among 
the most fundamental open issues in astrophysics. 
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